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Abstract. As consumer interest in the link between diet and human health and in the ethics of food 
production increases assurances about the background origin of food are sought. In the case of animal-derived 
foods, such as meat, the animal’s diet is an intrinsic component of the food’s production and of its subsequent 
nutritional quality. Thus, there is a need to develop ways of validating the authenticity of the animal diet. 
Among the approaches to authenticate the background diet of ruminants is the measurement of components in 
meat (muscle and adipose tissue) and other tissues that are directly influenced by the diet, including fatty 
acids, carotenoids, vitamins, volatile organic compounds and elemental stable isotope ratios, as well as 
measurement of indirect indices such as spectral properties. While each is useful in its own right, the 
reliability of different measurements, for diet authentication purposes, depends on the sensitivity of the 
analytes measured to changes in diet, and on tissue turnover in response to changes in dietary constituents. Of 
the analyses discussed, stable isotope analysis in muscle and incremental tissues is presented as a particularly 
powerful tool for diet reconstruction.   
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Introduction 
Validation of the background diet of ruminant animals 
producing meat for human consumption is becoming 
increasingly important for a number of reasons. Firstly, 
meat products may be marketed on the basis of a superior 
nutritional quality arising from the diet the animals were 
fed and consumers need assurance that these products are 
indeed derived from such production systems. Beef from 
grass-based production systems is, for example, higher in 
the nutritionally desirable n-3 fatty acids and conjugated 
linoleic acid (CLA) than beef from animals fed 
unsupplemented cereal concentrates (Scollan et al. 2005). 
Secondly, meat products that command a price premium 
based on a specific production system, for example 
products carrying “organic”, “free range” or “grass-based” 
labels, require methods to validate the system of production 
and reduce the likelihood that counterfeit products could be 
fraudulently sold under such labels. Thirdly, food scares 
associated with foods of animal origin, for example the 
BSE, Foot and Mouth and pork dioxin scares of recent 
years, were associated with exposure of animals to the 
causative agents through the diet, and have served to raise 
concerns around how foods of animal origin are produced.   
Authentication, defined as “the process by which a 
food is verified as complying with its label description” 
(Dennis 1998), is therefore critical to maintain and support 
the development of high-value meats from specific pro-
duction systems, often based on feeding particular dietary 
ingredients to animals. This paper will focus on analytical 
methods with potential applications in meat authentication, 
specifically relating to ruminant meats from different 
production systems.  
Authentication techniques  
Authentication of meat from different production systems 
has, not surprisingly, focussed on the measurement of com-
ponents in meat that derive directly or indirectly from 
animal feedstuffs (Vasta and Priolo 2006; Prache 2009). 
Scientists can, in the first instance, measure components in 
meat, such as fatty acids, carotenoids and volatile com-
pounds, including terpenes and phenolics that directly 
reflect the diets consumed by the animals. Secondly, a 
‘fingerprint’ approach can be taken whereby spectroscopic 
techniques can be used to determine differences in the 
optical properties of foods derived from different product-
ion systems. In addition, molecular techniques may be used 
to study the impact of different production systems on gene 
expression (Hocquette et al. 2009). The methodologies now 
available for application to authenticate foods are described 
in comprehensive reviews such as Lees (2003), Sun (2008) 
and Primrose et al. (2010). The methods include chromato-
graphy (GC, HPLC), isotope ratio mass spectrometry 
(IRMS), spectroscopy (IR, NMR, UV, fluorescence, 
Raman), molecular (DNA and PCR-based) techniques and 
enzymatic techniques. In addition to the measurement 
techniques themselves, appropriate statistical analysis of 
the data collected is critical in establishing whether a 
particular product is authentic or not.  
Fatty acids  
For many years, animal and food scientists have explored 
the relationship between the diet of animals and tissue fatty 
acid profile, measured by gas chromatographic methods. It 
is well established that beef from grass-fed cattle is 
significantly  higher  in certain n-3  polyunsaturated  fatty  
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Figure 1. Effect of duration of grazing (0, 40, 99 or 158 days) 
on the fatty acids composition of bovine longissimus dorsi 
muscle (adapted from Noci et al. 2005).  
 
 
 
 
 
 
 
 
 
 
Figure 2. Discrimination of dietary background on the basis of 
canonical discriminant analysis using 16 volatile organic 
compounds identified in beef from animals fed grass at 
pasture for 12 months (P); grass silage for 6 months 
(November-April) followed by grass at pasture for 6 months 
(SP); grass silage for 6 months (November-April) followed by 
grass at pasture supplemented with a barley-based 
concentrate (0.5 of total dry matter) for 6 months (SPC); or a 
barley-based concentrate for 12 months (C) (from Vasta et al. 
2011).  
acids (PUFA) and CLA, has a higher PUFA:saturated fatty 
acid (SFA) ratio and has a lower n-6/n-3 ratio compared to 
concentrate-fed animals (French et al., 2000; Realini et al., 
2004). In a clear demonstration of the effect of grass 
feeding Noci et al. (2005) showed that, following a switch 
from a grass silage/concentrate-based diet, α-linolenic acid 
(C18:3n-3), CLA and PUFA:SFA ratio increased and n-
6/n-3 fatty acid ratio decreased as the period of grazing at 
pasture increased from 0 to 158 days pre-slaughter (Fig. 1). 
Thus, fatty acid profile of meat/muscle can be a potential 
indicator of a grass-based diet.  
Further examples of the effect of diet on the fatty acid 
profile of ruminant meat include an increases in n-3 fatty 
acids (including long chain) following supplementation of 
animals feeds with plant oils, such as linseed (Scollan et al. 
2001; Noci et al. 2007) or camelina (Noci et al. 2011) oil, 
fish oils or protected lipids (Cooper et al. 2004; Dunne et 
al. 2011) and increases in muscle CLA following supple-
mentation with plant oils rich in linoleic acid, such as 
sunflower oil (Noci et al. 2007).  These approaches are 
taken largely with a view to changing the fatty acid com-
position of muscle towards a more nutritionally favourable 
profile (Scollan et al., 2005). However, they add to the 
complexity of relating muscle fatty acid profile to a 
particular diet since, in theory, a non-grass based diet might 
be formulated to give a profile similar grass diet. Further 
complexity arises from the fact that muscle fatty acids 
respond slowly to a change in diet, as illustrated in Figure 1 
and, in addition, seasonal variation in diet, for example, 
variation grass fatty acid composition, could lead to 
seasonal differences in muscle fatty acid composition.    
Volatile compounds 
Like fatty acids, GC and GC-MS methods have been 
applied to the measurement of the volatile profile of meats 
as an indicator of dietary background. Among the meat 
volatile components influenced by diet, particularly grass 
vs concentrate feeding, are branched chain fatty acids, 
lactones, aldehydes, phenolic compounds, indoles, 2,3-
octanedione, terpenes and sulphur compounds (Vasta and 
Priolo, 2006). Of these compounds, some are directly 
incorporated into tissues from the diet (e.g. mono- and 
sesquiterpenes) or from degradation of parent compounds 
(e.g. chlorophyll) in the rumen while others, for example 
certain sulphur compounds and lipid oxidation products, 
are indirect markers of dietary background because they are 
generated by reactions involving the absorbed dietary 
compounds that occur during cooking of meat fat. Vasta et 
al. (2007), using dynamic headspace GC-MS, identified 33 
significant compounds (from a total of 114) which con-
tributed to discrimination of concentrate versus pasture-fed 
lambs. In a study of beef from animals raised either at 
pasture, on concentrates or on grass silage/pasture/ 
concentrate combinations, skatole, 3-undecanone, cuminic 
alcohol and 2 methyl-1-butanol were identified as 
compounds that allowed discrimination between beef from 
animals fed pasture or concentrates or combinations thereof 
(Vasta et al. 2011; Fig. 2). Germacrene D, a terpenoid, was 
a marker of grass feeding.   
Similar to fatty acids, the terpene profile of feedstuffs 
can vary with plant species and stage of growth (Mariaca et 
al. 1997; Tornambé et al. 2006) and this poses challenges 
in establishing a consistent relationship between feed 
consumed and the profile in meat. In addition, terpene 
enrichment in ruminant lipids may not be uniform across 
different lipid fractions and, thus, the selection of particular 
lipid fractions may be important in distinguishing between 
feeding systems (Serrano et al. 2007).  
Carotenoids and optical properties 
Visible reflectance spectroscopy has been applied to the 
challenge of differentiating between meats produced under 
different production systems, including pasture versus 
cereal-based systems. Prache and co-workers used reflect-
ance spectroscopy in the visible region (450-510 nm) to 
discriminate between lamb production systems (Prache and 
Theriez 1999; Prache et al. 2009). In addition to reflectance 
in subcutaneous adipose tissue, carotenoids in blood were 
measured in many studies as an indicator of feeding 
regime. Prache et al. (2003a) advocate measurements in  
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Figure 3. Mean reflectance spectra of subcutaneous adipose 
tissue of beef cattle fed grass at pasture for 12 months (P), 
grass silage for 6 months (November-April) followed by grass 
at pasture for 6 months (SiP), grass silage for 6 months 
(November-April) followed by grass at pasture supplemented 
with a barley-based concentrate (0.5 of total dry matter) for 6 
months (SiPC) or a barley-based concentrate for 12 months 
(C). Mean values of the integral calculated for the SiP and 
SiPC groups (−239.3±43.5 and −215.2±56.9, respectively) were 
significantly lower (P<0.05) than that of the P group 
(−177.1±35.1), which in turn was significantly lower (P<0.05) 
than that of the C group (−42.3±29.5)  (from Röhrle et al. 
2011a). 
 
 
 
 
 
 
 
 
 
Figure 4. Stereoisomers of α-tocopherol (% of total) in muscle 
from cattle fed grass at pasture for 12 months (P), grass silage 
for 6 months (November-April) followed by grass at pasture 
for 6 months (SiP), grass silage for 6 months (November-
April) followed by grass at pasture supplemented with a 
barley-based concentrate (0.5 of total dry matter) for 6 
months (SiPC) or a barley-based concentrate for 12 months 
(C) Between production system treatments, bars for the same 
stereoisomer with different letters (a, b, c) are significantly 
different (P<0.05) (from Röhrle et al., 2011b). 
both adipose tissue and blood to lower the likelihood of 
miss-classification.  
In agreement with the work of Prache and co-workers, 
research on beef in our group showed contrasting reflect-
ance spectra (400-700 nm) for subcutaneous adipose tissue 
from animals fed pasture (P) versus a barley-based 
concentrate (C) for a 12 month period. Furthermore, 
subcutaneous adipose tissue from a group fed silage for 6 
months followed by pasture for 6 months (SiP) was 
distinguishable from that of the group fed pasture for 12 
months, indicating an effect of a diet consumed 6 months 
pre-slaughter on adipose tissue reflectance at slaughter 
(Fig. 3). However, a group fed silage for 6 months followed 
by a 50:50 (DM basis) pasture/concentrate mixture for 6 
months (SiPC) was not distinguishable from the SiP group, 
somewhat undermining this methodology as a means of 
diet discrimination (Röhrle et al. 2011a).  
The confounding effect of a switch in diets on class-
ification is recognised. Prache et al. (2003b) showed that 
following a switch from pasture to concentrates, plasma 
carotenoids decreased over a 13 day period in lambs. The 
implication was that following a switch from grass to 
concentrates, grazing lambs would be considered ‘pasture-
fed’ if plasma carotenoids were measured for up to 13 days 
after the switch and ‘concentrate-fed’ if plasma carotenoids 
were measured thereafter. A further confounding effect 
identified by Prache et al. (2003a) is that depletion of 
carotenoids in adipose tissue, after a change to a low 
carotenoid diet, occurs due to a dilution of existing adipose 
tissue by new adipose tissue rather than carotenoid 
mobilisation out of the fat. Furthermore, the carotenoid 
content in cut (zero-grazed) grass was found to be higher 
than in the grazed grass (Serrano et al. 2006) and this has 
been attributed to the fact that cut grass may consist of 
herbage taken at a phenotypical stage of growth when it is 
particularly rich in carotenoids. Indeed, in our laboratory 
we found a 1.8-fold higher mean β-carotene level in grass 
silage compared to the mean for pasture sampled monthly 
over a 1-year period (Röhrle et al. 2010a).  
The work of Prache and co-workers also usefully 
illustrates the application of a chemometric approach to 
authentication of grassland production systems. Dian et al. 
(2007) applied multivariate methods to reflectance spectra 
of perirenal and subcutaneous caudal fat collected over the 
entire 400-700 nm visible wavelength range. Discrimin-
ation between the two feeding regimes was attempted using 
partial least squares discriminant analysis (PLS-DA), with 
measurements made at slaughter and at 24 h post mortem. 
Correct classification rates of between 87 and 94% were 
achieved, with the latter being achieved for perirenal fat at 
24 h post mortem. Examination of the PLS loadings of 
these models indicated that, in addition to carotenoid 
content, haem pigments may also have been involved in the 
discrimination. In a further study, Dian et al. (2008) 
examined the ability of spectroscopy between 400 and 2500 
nm to correctly classify meat produced from grassland 
systems. Again using perirenal fat, the longer wavelength 
range produced models of higher discriminant ability with 
correct classification rates of 98%. These authors suggest 
that the wider wavelength range may be incorporating 
information about differences in fatty acid composition of 
fat produced by the two diets.  
Vitamin E stereoisomers 
In a more focussed example of obtaining information about 
dietary background, analysis of stereoisomeric forms of α-
tocopherol in animal tissues can give information about 
whether animals received vitamin E from natural or 
synthetic sources. This is relevant in the context of animals 
receiving an “all natural” diet, in which one might expect to 
find evidence in meat of vitamins from natural sources and 
no evidence of supplementation with synthetic vitamins. In 
a recent study we showed that in muscle from grass-fed 
beef cattle the RRR stereoisomer of α-tocopherol dominat- 
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ed, while in beef from concentrate-fed animals receiving a 
vitamin/mineral supplement there was evidence of all eight 
stereoisomeric forms of α-tocopherol being present (Röhrle 
et al. 2011b) (Fig. 4).  We also analysed beef samples 
sourced from retail outlets, some with background inform-
ation declared, e.g. pasture-fed or organic, others of 
unknown dietary background (Röhrle et al. 2011b). In 
some instances there was evidence of synthetic vitamin E 
supplementation, in others not.  
Stable isotope analysis 
Stable isotope ratio analysis involves the measurement, 
usually using IRMS, of ratios of naturally occurring stable 
isotopes of bioelements, mainly carbon (13C/12C), nitrogen 
(15N/14N), hydrogen (D/H or 2H/1H), oxygen (18O/16O), and 
sulphur (34S/32S). Results are expressed as delta (δ) values 
in per mil (‰) units as δ13C, δ15N, δ2H, δ18O and δ34S for 
ratios of 13C/12C, 15N/14N, D/H, 18O/16O and 34S/32S, 
respectively (Kelly, 2003). It is well established that the 
composition of the diet of animals influences the stable 
isotope composition of these bioelements in animal tissues 
(De Niro and Epstein, 1978); therefore stable isotope ratio 
analysis can provide information about the diet consumed 
by animals.  
In ruminant meat stable isotope analysis has been 
shown to be particularly useful in the assignment of dietary 
background (Piasentier et al., 2003; Bahar et al., 2008). 
Piasentier et al. (2003) reported on 15N/14N and 13C/12C 
ratios in lamb samples from six European countries, 
encompassing three broad production systems, including 
one classified as ‘pasture, eating fresh temperate herbage 
without any solid supplementation’. In their conclusion the 
authors refer to the potential offered by stable isotopes and 
the likely additional benefit, for discriminative purposes, of 
including the measurement of D/H, 18O/16O, 34S/32S and 
87Sr/86Sr. Boner and Förstel (2004) applied a stable isotope 
approach to the identification of beef from different 
production sources  in  Germany.  Inter-farm  differences in  
 
 
beef  and  differences between organic and conventionally- 
produced beef were studied using C, N and S as indicators 
of production factors, with C known to be strongly 
influenced by the ratio of C3/C4 plant material in the diet, N 
by soil and fertilizer usage and S by sea spray, proximity to 
the sea and feeding of marine feed sources. The need to 
have knowledge of potential seasonal influences on C, N or 
S inputs affecting beef production is evident. For example, 
while an organic production system could be primarily 
based on C3 plant material, there could be a period during 
the beef production cycle where a significant component of 
maize (C4) is used. Interestingly, Boner and Förstel (2004) 
demonstrated consistency in 15N/14N and 34S/32S on some 
farms, permitting these farms to be differentiated from 
others. In general though, given that animal feed inputs are 
rarely produced entirely on the farm where the animals are 
raised, the likelihood of regional and seasonal variability in 
stable isotope ratios is high.  
To illustrate the point, Bahar et al. (2008) found 
differences in the stable isotope ratios (13C/12C, 15N/14N) of 
organic and conventional beef sourced from retail outlets. 
The extent of differences was seasonal, however, with 
pronounced differences in stable isotope ratios between the 
two beef sources in the months after winter feeding, when 
the supplementary feedstuffs were likely to have been 
different, and similar stable isotope ratios after summer 
grazing.  
With advances in IRMS, and particularly in the speed 
of analysis, studies now commonly use multi-element 
stable isotope analysis. Camin et al. (2007) demonstrated 
the potential for C, N, H and S analysis to discriminate 
between lamb meat sourced in different parts of Europe. 
The influence of grassland production was clearly evident, 
with lamb samples from island sources on the western 
seaboard of Europe (Ireland and the Orkney islands) 
clustering separately, mainly on the basis of lower 13C/12C 
ratios, from samples originating in mainland Europe, where 
supplemental cereal or maize-based inputs may be fed for 
periods of the year (Fig. 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Carbon and hydrogen isotopic ratios of lamb from animals reared in different regions of Europe in 2005 and 2006 (from 
Camin et al. 2007). 
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Figure 6: δ15N vs δ13C values of bovine muscle of animals fed 
as follows: grass at pasture for 12 months (P); grass silage for 
6 months (November-April) followed by grass at pasture for 6 
months (SiP); grass silage for 6 months (November-April) 
followed by grass at pasture with a barley-based concentrate 
(0.5 of total dry matter) for 6 months (SiPC); or a barley-
based concentrate for 12 months (C). The δ13C values of 
feedstuffs were -30.9, -29.2, and -27.9‰ for the pasture, silage 
and concentrate, respectively.  The δ15N values of feedstuffs 
were 6.4, 5.0 and 3.4‰ for the pasture, silage and concentrate, 
respectively (Osorio et al. 2011).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. PLS-DA scores plot obtained from urine data from 
cattle: fed a barley-based concentrate for 12 months (solid 
squares) or grass at pasture for 12 months (hollow triangles) 
(R2X: 0.59, Q2: 0.86) (Osorio et al. 2012).  
Discriminating between food products derived from 
animals raised on diets differing in the content of C3/C4 
plant material, e.g. maize (C4) versus barley or grass (both 
C3), is relatively straightforward because of the large 
differences in 13C/12C ratio between C3 and C4 plants (δ13C 
values of –23.2 to –34.3‰ for C3 plants and –5.6 to –
18.6‰ for C4 plants). However, re-constructing the pre-
slaughter diet history of animals that have received diets 
with similar stable isotope ratios is more challenging. 
Nevertheless, a number of studies have shown that it is 
possible to discriminate between meat of animals fed 
different C3 plant sources despite the relatively close 
13C/12C ratios of the diets (Monahan et al. 2006; Moreno-
Rojas et al. 2008; Osorio et al. 2011; Fig. 6).  
Nuclear Magnetic Resonance (NMR) 
Osorio et al. (2012) used 1H NMR to investigate changes in 
the metabolomic composition of bovine urine and muscle 
as a potential approach to discriminating between different 
beef production systems. Using PLS-DA, pairwise 
comparisons performed on 1H NMR data from the urine 
samples showed good discrimination of animals fed grazed 
grass at pasture from those fed a barley-based concentrate, 
with urinary creatinine, glucose, pyruvate, phenylalanine 
and hippurate being identified as discriminating variables 
(Osorio et al. 2012; Fig. 7).  Discrimination between 
muscle from animals grazing grass pasture and animals fed 
the barley-based concentrate was also possible although the 
model was not as strong as for urine. Among the 
discriminating metabolites were carnosine, which was 
higher, and methylhistidine, malonate, glutamine, which 
were lower, in muscle from animals fed a barley-based 
concentrate. Further validation of the method is required 
and should involve, for example, investigations of the 
effect of different energy and/or dietary protein levels on 
the NMR profiles.  
Future challenges 
There is no doubt that significant advances have been made 
in the development of methodologies to determine the 
dietary background of animals from analysis of the meat 
derived from them. There are challenges though. A major 
one is the rate at which the muscle and adipose tissue of 
meat turnover in response to a change of diet and, there-
fore, the certainty with which a particular dietary back-
ground can be assigned. This applies to the measurement of 
all the potential markers of dietary background described 
above: fatty acids, volatile organic compounds, carotenoids 
and compounds that influence spectral properties, stable 
isotopes, vitamin E, metabolites. Taking stable isotopes as 
an example, Bahar et al. (2009) and Harrison et al. (2011) 
examined the turnover rates of C and N in bovine and ovine 
muscle, respectively, in response to a change from a 
predominantly C3 (barley-based) to a C4 (maize based) diet. 
They calculated half lives for C turnover of 133-151 days 
in cattle and 65-77 days in sheep, the latter shown to 
depend on the muscle in question and animal growth rate in 
response to the energy level of the diet. A potential 
approach to addressing the challenge of identifying diet 
switches is the analysis of so-called incremental tissues, 
such as hair or hoof which contain a temporal dietary 
archive.  This is an area of on-going work in our group and 
others (Schwertl et al. 2005; Harrison et al. 2007; Zazzo et 
al. 2007; Osorio et al. 2011).  There are also challenges 
relating to the definitions of particular production systems, 
for example grass-fed, organic, free range.  The range and 
sources of feedstuffs available for feeding under any of 
these production systems, combined with seasonal variation 
in composition, makes diet authentication based an analysis 
of components derived from the feedstuffs challenging to 
say the least.  To be successful in this regard, an approach 
whereby ruminant meat is produced to a strict formula (of 
feedstuffs) giving a consistently distinctive signature in the 
meat, so that deviant samples could be easily identified, 
may be required.    
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